I. Introduction
Colloidal suspensions of anisotropic particles have been the subject of continued research and many exciting discoveries for over 100 years, owing to their rich variety of liquid crystalline phases and fascinating phase transitions. [1] Most of the studies on orientational ordering, optical properties and phase behaviors of colloidal liquid crystals (LCs) were performed on suspensions of rods, [2] [3] [4] [5] [6] [7] disks [8, 9] or flexible chains [10] [11] [12] .
The physical behavior of these soft matter systems is commonly understood on the basis of the Onsager's model, [13] which predicts a phase transition from isotropic disordered to nematic ordered phase as the concentration of anisotropic colloidal particles exceeds a critical concentration value. This transition emerges as a result of the entropy maximization and the competition between the entropic contributions associated with the translational and orientational degrees of freedom: as the orientational ordering emerges, parallel arrangements of anisotropic colloidal objects lead to a decrease in orientational entropy and an increase in positional entropy, with an overall maximum of entropy corresponding to a disordered state below critical concentrations and to an orientationally ordered state at concentrations above the critical value. The introduction of attractive depletion interactions, [14, 15] driven by non-adsorbing polymers like dextran and micelle-forming surfactants, enriches the phase behavior, as well as often leads to various metastable states and co-existing mesophases. For example, Lekkerkerker and colleagues [16] investigated mixtures of colloidal boehmite rods and flexible polymer, showing that bi-and triphasic phase regions can be obtained. Dogic et al. [17, 18] conducted quantitative studies of isotropic-nematic phase transition in a binary suspension of rodlike fd virus (aspect ratio of ~ 130) and dextran polymer, concluding that the order parameter was determined solely by the rod concentration. Savenko et al. [6] studied numerically the phase behavior exhibited by a binary mixture of colloidal hard rods and non-adsorbing polymer, proposing that the nematic and smectic phases were more stable for larger depletants when considering the effective many-body interactions.
During the last decade, many superstructures induced by depletion attractions were also reported for various metallic nanorods [19] [20] [21] and semiconductor nanorods [3, 22, 23] .
Most of the previous studies [16] [17] [18] focused on understanding of the depletion forces on LC phase behavior of colloidal particles with high aspect ratios, so that, at low depletant concentrations, it could be still understood on the basis of modifications of the Onsager theory, with the order parameter of the nematic phase determined mainly by repulsive electrostatic and steric interactions, while attractive interactions providing structureless cohesive energy. However, how these depletion forces interplay with steric and electrostatic interactions for particles with relatively low aspect ratios and nontrivial geometric shapes (e.g. hexagonal) remains unknown. Moreover, to the best of our knowledge, the influence of depletion forces on the LC mesophase behavior, stability and diversity of self-assembled colloidal superstructures and emergent properties and material behavior of versatile upconversion nanorods (UCNR) remain unexplored, though it could be potentially useful for obtaining a host of mesostructured composite materials with interesting optical properties.
Although the upconversion nanoparticles have attracted considerable attention due to their unique properties of converting near-infrared light to visible or ultraviolet light rather efficiently, [24, 25] their use in the design and fabrication of mesostructured composite materials is still limited. This is partially due to the limited means of forming composite materials that contain such nanoparticles organized at the mesoscopic scales and can still maintain the upconversion properties of individual nanoparticles. Doping of solid crystal matrices of UCNRs with rare earth ions, such as Erbium (Er 3+ ) and Thulium (Tm 3+ ), can mediate the upconversion processes, [26] making them attractive for applications in solar energy harvesting, [27] efficient theranostics, [28] color displays, [29] optical data storage, [30] and so on, but it is often hard to preserve these unique properties when forming bulk composite materials. For example, although luminescence of individual UCNRs can be polarized, [25, 31] 
II. Experiments Chemicals and materials
All chemicals were used as received without further purification. min, the mixture was transferred to a 50 mL teflon-lined autoclave, and heated to the elevated temperature of 230°C, at which it was kept for 12 h. The obtained rods were collected by centrifugation, washed with ethanol several times, and finally transferred to the aqueous solution using the same transfer method as that described above.
Preparation of lyotropic LCs of UCNRs
UCNR concentration C (mg/L) was identified and controlled by weighing the particles in a solid powder and then adding the corresponding volume of DI water. The density of hexagonal β-NaYF 4 crystal, used in these analyses, is  = 4.2 g/cm 3 . In a typical process, a 1.5-milliliter tapered plastic centrifuge tube was weighted first. The prepared UCNR solution was then pipetted into this tube and centrifuged. After that, the supernatant was moved out completely, so that a very viscous, white gel was left in the tube bottom and dried at 40°C for hours. The particle weight can be estimated by subtracting the net weight of the tube from the final total weight of the tube with the dried powder of particles. The corresponding volume of DI water was added into the tube and then dispersed by using ultrasonic bath until a well-dispersed solution was obtained. Different concentrations of dextran were then added to the UCNR colloidal dispersions. For keeping the UCNR concentration a constant, for example, 5 L known-concentration dextran was pre-prepared and added into the UCNR solution (for example, 10 L). And then 1 L water + 4 L dextran, 2 L water + 3 L dextran, 3 L water + 2 L dextran, 4
L water + 1 L dextran, and 5 L water were also prepared and added respectively into the UCNR solution with the particles concentration all the same. After sonication, the solution with the same UCNR concentration but different dextran concentrations were prepared and enable for the next use.
Sample preparation and optical characterization
Glass cells were typically prepared by sandwiching a 1 mm-thick glass slide and a 0. 
SEM and TEM imaging
For SEM imaging, the colloidal dispersions with nematic and smectic superstructures of self-assembled UCNRs were drop-casted on a clean silicon wafer while letting the solvent evaporate in a programmable climate chamber at a fixed temperature of 18°C and humidity gradually varied from 45% to 85%. These conditions were optimized for preserving the orientational ordering of the rod-like particles while taking advantage of the fact that the used initial concentrations of nanoparticles were rather high (~50%).
During this preparation process, the small gradual reduction of solvent concentration was sufficient to eliminate particle mobility and obtain immobile orientationally ordered assemblies of the nanoparticles, as monitored through polarizing optical observations and as needed for the preparation of orientationally ordered films with polarization-dependent photon upconversion properties. The images of these assemblies, as well as individual nanoparticles, were acquired with a Hitachi S-4800 microscope operating at 10 kV. For TEM imaging, the UCNRs were prepared by casting and naturally drying dilute dispersions of UCNRs in DI water on a formvar-coated copper grid. The TEM images were acquired with an FEI Tecnai G2 F30 microscopy at 300 kV.
III. Results and discussion

UCNR characterization
We have synthesized rod-shaped β-NaYF 4 particles by the modified hydrothermal synthesis methods. Our experiments utilized particles with dimensions 121.2 × 18.6 nm (UCNR1) and 1.6 × 0.17 m (UCNR2), with the length-width aspect ratios 6.5 and 9.3, respectively (Fig. 1a,d and Fig. S1 ), deliberately tuned to be below 10. When illuminated with a 980 nm laser light, these particles emit visible light, as shown in Fig. 1d inset, indicating the photon upconversion property. further confirmed by the confocal microscopy imaging when excited with a 980 nm laser source as shown in Fig. 2d . For a comparison, we also provide an example of the behavior for unoptimized conditions in the case when we use micellar surfactant cetyltrimethyl-ammonium bromide (CTAB) as a depletant to make the same phase modulation of UCNR1 (Fig. S3) . The LC phases in dispersions containing dextran are spatially homogeneous while the dispersions containing CTAB micelles exhibit small micrometer-size alignment domains, separated by various defects (Fig. S3a inset) , instead.
We have measured the polarized upconversion luminescence spectra corresponding to unidirectionally aligned regions of nematic phases of UCNR1 and UCNR2 while rotating an analyzer (A) within 0-360° with respect to n placed immediately before the spectrometer (Fig. 2e,f) . Our results indicate apparent polarization dependent emission from nematic regions, similar to the emission properties of an individual UCNR particle arising from the symmetry of the transition dipoles. [24] These measurements are consistent with the unidirectional arrangement of UCNR particles in the studied sample regions. The dominant emission peak at 800 nm, corresponding to the transition 3 H 4 -3 H 6 levels of Tm 3+ ions present 29% and 18% changes, respectively, corresponding to the dextran-induced LC phases of the two different types of UCNRs (Fig. 2e,f) . The emission peak at 780 nm present almost 100% polarized changes. The other emission peaks present relatively weak polarized changes as shown in the spectra. This polarization dependence is caused mainly by the expansion of the crystalline lattice of the UCNR and the distortion of the local symmetry.
[34]
Phase diagrams of UCNR-dextran colloidal dispersions
Previous studies of model colloidal systems by Dogic and co-authors [17, 18] demonstrated that the role of depletion forces and attractive interactions is to modify the phase behavior predicted by Onsager theory mainly by expanding the phase co-existence, although these studies were conducted on rods with an aspect ratio of about 130 and larger. To clarify the influence of dextrans on the formation of lyotropic LC phases by the UCNRs with aspect ratios < 10 and hexagonal cross-sections, we carry out investigations of the phase transition as functions of dextran and colloidal rod concentrations. Because of the relatively small aspect ratios, hexagonal cross-sections and surface charging of UCNRs, Onsager's theory cannot be used to predict the exact values of the volume fractions at which the system should transition from isotropic to biphasic and to nematic states, though it can be used for point-of-reference estimates of such concentration values to guide interpretation and analysis of experimental results, as describe below.
The phase diagrams obtained for UCNR1 and UCNR2 are shown in Fig. 3a and Fig.   3b , respectively, for which four distinct regions can be distinguished: isotropic (I), nematic (N), isotropic-nematic (I-N) coexistence and isotropic-smectic (I-S) coexistence.
Apparently, at relatively low dextran concentration, the UCNR can be well dispersed. UCNR2s, where g = 9.8 m/s 2 is the gravitational acceleration constant. In our study, the sample thickness was varied from much smaller than l g to comparable to it (the cell thickness typically was 15 m and larger for UCNR1s and 1 m and larger for UCNR2s).
By using samples of several different thicknesses below and comparable to l g , we have ensured that our results are unaffected by concentration gradients. As the concentration of colloidal rods increases, the UCNRs form a nematic phase (Fig. 3c-f) , due to the steric and electrostatic interactions. [36] This behavior can be explained qualitatively within the framework of the Onsager's hard-rod theory, though the relatively small aspect ratios of UCNRs preclude the use of this theory for quantitative modelling of our system. We have (Fig. 3) . However, the I-N and I-S coexistence can appear at relatively low rods concentration with increasing concentration of dextran in our system, which is due to the introduction of the depletion attractions. For example, the I-N coexistance can be realized with volume fraction less than 30% for UCNR1 with aspect ratio 6.5 and less than 23% for UCNR2 with aspect ratio 9.3 by the addition of high concentration dextrans (the initial concentration 232 mg/mL for dextran of MW=10,000). The induced depletion prompt the existence of metastable LC states.
POM micrographs shown in the Fig. 3c -h provide additional insights into the phase behavior of the UCNR1-dextran dispersions. A large-area, uniform nematic region is presented first in Fig. 3c -e while a spatially varying director pattern is shown in Fig. 3f .
In addition to the nematic-like structures, many self-assembled metastable smectic-like membranes with enhanced ordering are also found (Fig. 3g,h ), which correspond to the regions of diagrams separated by dashed lines. When observed using polarizing optical microscopy with and without the additional phase retardation plate, these membranes appear weakly birefringent within the surrounding isotropic background of the two-phase coexistence region of the phase diagram. The presence of smectic membranes is consistent with previous studies [16] [17] [18] of similar phase diagrams of colloidal rods and is further supported by our SEM imaging of sample regions similar to the ones shown in Fig. 3g ,h, as we discuss below. These membranes possess clear boundary, which separates them from the bulk isotropic surrounding. Inside some of the membranes, unexpectedly, the rods can also exhibit in-plane orientational ordering with spatially varying directionality of orientation (Fig. 3g) or a uniform directionality (Fig. 3h) . The in-plane ordering within some of the membranes (Fig. 3g) varies continuously, without the formation of grain boundaries, as common for LC phases. Insights into the nature of this in-plane ordering will be provided by SEM imaging described below.
To further control the interactions in the system, we add excessive free ions (Na 
SEM characterization of the orientational ordering
More insights into the nematic and smectic membrane ordering of the UCNRs are provided by the direct SEM imaging (Fig. 4) , which we describe here for the case of UCNR2 particles as an example. This SEM imaging directly reveals the orientational ordering within the mesostructured composites obtained by drying the colloidal dispersions. Additionally, since we monitor the evolution of polarizing microscopy textures while drying the highly concentrated colloidal dispersions, this imaging also reveals nanoscale organization of nanorods corresponding to different optical textures of colloidal dispersions. Fig. 4a shows the unidirectional nematic-like alignment of the UCNR particles, with the director n along the average orientation of the long axes of rods. particles. [14] [15] [16] With adding dextran and then further increasing its concentration, the local transition from nematic to smectic membrane ordering can be also observed, as shown in Fig. 4b and its inset, where the smectic membrane and (in some cases) nematic-smectic coexistence regions can be distinguished. These SEM observations are consistent with optical imaging (Fig. 3c-h ). The nematic-smectic coexistance is reminiscent to the so-called "cybotactic cluster", the smectic-like domains observed in the nematic phase of thermotropic LCs, typically in the region close to the transition from nematic to smectic phase. [1, 9, [38] [39] [40] and these in-plane rods can exhibit orientational ordering along n b (Fig. 4b,c,e) . The in-plane ordering of UCNRs in some of the smectic membranes is consistent with the POM micrographs, which show weak birefringence even when the membranes are oriented with their layer normal along the optical axis of the microscope (Fig. 3g,h ).
Thermal fluctuations of the birefringent regions within such domains, which we observed under optical microscope, indicate that such assemblies are not just aggregates or sediments, but rather LC "fluid" metastable assemblies characteristic. Fig. 4c presents smectic domains with higher ordering, where local arrangements of the rods are often hexagonal, but where defects (vacancies or in-plane rods) appear making it short-ranged.
To our surprise, we also find a two-axis nematic ordering of the UCNR in some regions of the phase diagrams. In this case, in addition to the majority of rods orienting their preferred long axis n a , some also orient along another axis n b (Fig. 4d,e) . The SEM images that further illustrate the diversity of this behavior are shown in the supplementary Fig. S5 . The importance of the relative dimensions of colloidal rods and depletant can be appreciated by comparing these structures to the ones formed by the UCNR1 rods ( Fig. S6 ) with relatively larger polydispersity and smaller aspect ratio.
Discussion
For colloidal rods with high aspect ratios and circular cross-sections, which were studied previously, [17, 18, 41 ] the role of depletants and attractive depletion forces is to provide an effective confinement and expanding the co-existence of the multi-structure and multi-phase regions. Our study of relatively low aspect-ratio UCNRs with hexagonal cross-sections reveals a generally similar but more complex behavior. The overall interactions between UCNRs in the used solvents with depletants are subject to steric interactions, van der Walls (important only at short distances), depletion attractions and electrostatic repulsions, all of which are highly anisotropic. However, for simplicity, the short-range van der Walls forces can be neglected and the relatively short-range electrostatic repulsions (the Debye screening length in our system is estimated to be 10 nm, given that the ionic strength of the solution is < 1 mM) can be partially accounted for by "re-sizing" the effective dimensions of the hexagonal nanorods and then considering their electrostatics-modified steric interactions. The excluded volume of colloidal rods with hexagonal cross-sections depends not only on the orientations of long axes of the rods, but also on the relative orientations of their hexagons (Fig. 5a) . Therefore, the geometry of our particle can influence both steric-electrostatic repulsive and depletion 
IV. Conclusions
We have demonstrated lyotropic LC self-assembly of UCNRs, which stems from repulsive steric and electrostatic colloidal interactions enriched by the geometric shapes of particles and depletion forces due to non-adsorbed polymer dextran. These 
